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RESPONSE & MODELING OF ELECTRON BEAM
SINGLE MELT Ti-6Al-4V ALLOYS

Principal Investigator: Akhtar S. Khan
Department of Mechanical Engineering
University of Maryland, Baltimore County

ABSTRACT

During a projectile penetrating an armor, the material undergoes finite plastic
deformation at high strain rates and temperatures, as well as at high hydrostatic pressures.
US Army is contemplating on making a light tank using electron beam single melt
titanium alloy as one of the metallic components. The manufacturing process of electron
beam single melt results in a more economical version of the titanium alloy than the
conventional alloy used in the Aerospace application. Thus in this comprehensive study,
quasi-static and dynamic uniaxial and multiaxial experimental results on electron beam
single melt titanium alloys and one extra low interstitial (ELI) grade (for comparison) are
presented, over low to high strain rates and temperatures, as well as under confining
hydrostatic pressures. These experiments include compression, tension and torsion, as
well as strain-rate jump experiments, in rolling (RD), transverse to rolling (TD) and
thickness (ND) directions to quantify anisotropy of the plate material. Microstructure is
measured using an optical microscope and SEM. Material constants are determined for
Johnson-Cook (J-C) & Khan-Huang-Liang (KHL) models, and observations are
correlated with these models. Anisotropy in the material is fully characterized. Response
of the material under confining pressures is also determined.

RESEARCH OBJECTIVES/PROBLEMS STUDIED

The objectives of the research are three-fold; first, to provide responses of these alloys
over wide ranges of strain rates and temperatures, especially under multi-axial dynamic
loading; second, to provide material constants for the Johnson-Cook and Khan-Huang-
Liang models for use in armor penetration modeling, and finally to determine mechanism
of deformation in the three alloys.

APPROACH
1. Quasi-static and dynamic uniaxial experiments were performed in electron beam

single melt titanium alloys and one extra low interstitial (ELI) grade (for comparison),
with different oxygen contents, over a strain-rate range of 10° to 10* s* and a



temperature range of —100° F to 900° F. These experiments included compression,
tension and torsion, as well as strain-rate jump experiments. Microstructure is measured
using optical microscope and SEM. Material constants are determined for Johnson-Cook
(J-C) & Khan-Huang-Liang (KHL) models, and observations are correlated with these
models. Due to observed anisotropy in the plate material, specimens were machined with
axes in the thickness (ND), rolling (RD), transverse to rolling (TD) and 45 degrees to
rolling directions. Anisotropy in the material is fully characterized.

2. Predictions from two constitutive models (Johnson-Cook & Khan-Huang-Liang) are
made and compared to the experimental results. Microstructure is measured using optical
microscope and SEM.

This approach is schematically shown in Fig. 1. Table 1 gives the compositions of three
alloys used in this study.
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Fig. 1 The approach adopted for this project

Material Al \ Fe Y H N @) C Ti Oeq

Alloy 1 6.26 4.16 0.14 <0.0003 0.0031 0.008 0.178 0.047 REM 0.229
Alloy 2 6.30 3.86 0.18 <0.0003  0.0026 0.003 0.112 0.045 REM 0.152

Alloy 3 5.97 4.09 0.15 <0.0003 0.0041 0.008 0.174 0.043 REM 0.222




Table 1. Chemical composition of the three Ti-6Al-4V alloys used

BACKGROUND

This project will support the mission of TARDEC at Detroit and complement the basic
research performed at the Army Research Lab. at Aberdeen on same or similar alloys.

Dynamic deformation has been of interest not only in impact and penetration related
problems (Khan et al. 2004) but also in high speed machining (Molinari et al. 2002);
titanium alloys have been studied by several investigators because of their use in aero-
engine, gas turbines and other applications due to their high strength to weight ratio,
ductility, and ability to withstand high temperatures and resist corrosion. The
development of relatively economical Ti-6Al-4V alloy, with resulting high oxygen
content, has sparked interest in its possible use in lightweight tanks (Montgomery and
Wells, 2001); the conventional, more expensive Ti-6Al-4V alloy has been used primarily
in aerospace components. The potential applications in armor, including ceramic tiles
encapsulated in titanium alloys, have motivated several studies (Lesuer, 2000; Nemat-
Nasser et al., 2001; Majorell et al., 2002).

In case of a-titanium, it has been demonstrated that the deformation mechanisms include
glide systems with a-type dislocations in the HCP structure, as well as, twinning shear
which contributed to the overall strain (Meyers et al., 1994; Song and Gray, 1995;
Chichili et al., 1998). In the only quantitative study of twinning, Chichili et al. (1998)
have shown that twin density increases drastically with increase in strain rate. The rate of
increase of this density decreased with increase in strain at dynamic strain-rates of 10% s,
while this rate increased with deformation in the case of quasistatic loading (10° s™).
Their results further demonstrated that loading at a particular temperature (and/or strain
rate), unloading, and reloading at another temperature (and/or strain rate), resulted in a
stress-strain curve which was significantly different than if the specimen was loaded at
the latter temperature (and/or strain rate) right from the beginning. This study was
performed over a wide range of strain rates (10°~10% s™) but over a very limited range of
temperatures (77~298 K).

The Ti-6Al-4V alloy consists of HCP a-grains, with a dispersion of stabilized BCC f
phase around grain boundaries at room temperature. o phase transforms to B phase
starting at 873 K (1110 F); above 1268 K (1825 F), the entire microstructure consists of
equiaxed B phase (Majorell et al., 2002). This alloy, in addition to H, V, and Ti, contains
O, Fe, Mo, C, Si, and Mn. Oxygen, nitrogen, and carbon contents are o stabilizers
(Conrad et al., 1975), while vanadium, iron and molybdenum are 3 stabilizers. Conrad et
al. (1975) proposed an equivalent oxygen content (O,, = O+2N+0.75C); this equivalent
impurity concentration gives the effect of dislocations-impurity interaction on the yield

strength of the material. Investigation by Majorell et al. (2002) was on an untextured and
a textured Ti-6Al-4V alloy rod that was manufactured by Allvac. This study was over a



strain-rate range of 10 to 10 s and a temperature range of 650~1345 K (710~1970 F).
They did not observe any dynamic strain-aging at any of the temperatures or strain rates
investigated. Further, athermal stress, i.e., temperature insensitive response, was found at
approximately 1255 K (1800 F); i.e. at a temperature when the material contained almost
100 % B phase. The equivalent oxygen content was 0.206 %.

In a study by Follansbee and Gray (1989), on a Ti-6Al-4V alloy, with an equivalent
oxygen content of 0.23% (actual oxygen was 0.18%), the measurements were restricted
to three temperatures with a range between 76 and 295 K and at only two strain rates

(10" & approx. 3000 s). Their specimens on as-received and two heat-treated versions
were made from a 13.8 mm thick plate. This investigation did not include responses over
a wide range of temperatures. Nemat-Nasser et al. (2001) study was on a commercial and
two hot isostatically pressed Ti-6Al-4V alloys. The equivalent oxygen in the
commercially pure alloy was 0.22 %. They performed experiments on specimens from 77
K to 998 K in the dynamic strain rate regime of 2000 to 4000 s™*. As discussed earlier, a-
phase starts transforming to B-phase at 873 K. Thus, they performed experiments on
presumably different materials in their range of temperatures, i.e., with different amounts
of o and B phases. They suggested that all (i.e. 100 %) of plastic work done was
converted to heat. This suggestion is in direct contradiction to the measurements of
Mason et al. (1994), Macdougall and Harding (1999) and Rosakis et al. (2000).

The constitutive models used for high strain rate applications can be classified in two
categories; the purely phenomenological ones, e.g. Johnson-Cook (J-C) (Johnson and
Cook, 1983) and Khan-Huang-Liang (KHL) models (Khan and Huang, 1992; Khan and
Liang, 1999; Khan et al., 2004) and so called, “physically based models” e.g. the ones by
Zerilli and Armstrong (1987), Mecking and Kocks (1981), etc., that were used frequently
by Follansbee and Gray (1989), and in a modified form by Nemat-Nasser et al. (2001).
The latter group discusses the mechanisms of plastic deformation (mainly dislocations).
However, the material constants are determined by not measuring any deformation
mechanism related quantity, but by choosing constants to “fit” the uniaxial stress-strain
curves at different strain rates and temperatures, just like in the case of the purely
phenomenological models. In the simplification or modification of this model by Nemat-
Nasser et al. (2001), experiments are needed at very high temperatures where proper
lubrication is extremely difficult, if not impossible to attain. Since in both categories of
models, phenomenological and so called “physically based”, material constants are
determined by “fitting” to the stress-strain responses at different temperatures and strain
rates, the advantage of one over the other is primarily the number of material constants in
each model. Any model with a large number of material constants will be able to
approximate observed responses. Mecking and Kocks model, as used by Follansbee and
Gray (1989) has 23 constants, while these constants range from 12 to 8 in case of Cheng
and Nemat-Nasser (2000) and Nemat-Nasser et al. (2001), respectively, depending on
whether they include modeling of dynamic strain aging or not. Johnson-Cook and Khan-
Huang-Liang models have 5 and 6 constants, respectively. Johnson-Cook and Khan-
Huang-Liang models are used in this investigation due to their advantage of fewer
constants and their ability to model the observed material response as closely as with
models with many more constants. Also, Khan et al. (2004) have shown that the KHL



model has more flexibility than J-C model, and can accurately describe the observed
responses in Ti-6Al-4V ELI and other titanium alloys.

SUMMARY OF IMPORTANT RESULTS

During projectile penetration in an armor material, it is subjected to deformations at high
strain rates, temperatures and hydrostatic pressures. In this comprehensive study, the
responses of the alloy were determined in three directions (to study anisotropy), at low to
high temperatures (to determine temperature effect), at low to high strain rates (to
quantify strain rate dependence), under tension and compression loading to investigate
asymmetry in tension-compression, and compression response under changing
hydrostatic pressure at different strain rates and different temperatures. Then some of the
measured responses are modeled using KHL and JC constitutive equations.

Anisotropic Responses of the Material at Room Temp.

Fig. 2 shows the effect of anisotropy in the plane of the plate. The responses in
compression were determined along rolling and transverse to rolling directions (RD &
TD), as well as at different angular directions from RD at a strain rate of 10™ per second.
The rolling direction shows higher yield stress than transverse direction with other
angular direction responses falling in-between RD & TD. The work hardening rate
appears to be almost same in all directions.

Fig. 2 Responses of the alloy in different directions of the plate, rolling direction (RD),
transverse to the rolling direction (TD, 90° to the rolling direction) and three directions in
between these two directions.



In Fig. 3 the anisotropy of the material is shown at two high (dynamic) and three low
(quasi-static) strain rates in RD, TD and ND (normal to RD & TD, normal to plate
surface) directions. The strain rates were of the order of 10°, 10, 10, 10° per second.
The response in the rolling direction is much higher than the ones in transverse and
thickness directions; the responses are almost same in the two latter directions. Further, a
strong strain rate effect is visible in this Fig. In order to follow responses in a particular
direction, a different color is used for each direction. The strain rate effect varies
nonlinearly with increase in the strain rate.

Fig.3 Anisotropic responses under compression in three directions at 296K, and at
different strain rates in quasi-static and dynamic regimes.

Temperature Dependent Anisotropic Responses

Next Fig. contains responses along the rolling (RD), transverse (TD) and thickness, or
normal (ND) directions at different temperatures at a strain rate of 10 per second. The
temperatures were 233, 296, 422, 589 & 755 K. Again, the response in each direction is
shown by a different color. The anisotropy is observed to depend non-linearly on the
temperature; this dependence is stronger than the strain rate effect in the earlier Fig .

The measured anisotropic responses at high strain rates are shown in Figs. 5 & 6. The
strain rates of responses shown in these Figs. increase from approximately 1000 to
around 3000 per sec. These dynamic responses were measured using compression Split
Hopkinson Bar (SHB) technique at low and high temperatures. These responses are
visibly very non-linearly dependent on strain rates and temperatures.



Fig. 4 Temperature dependent anisotropic responses under compression in three
directions, at a constant strain rate of 102 s

Fig. 5 Different anisotropic responses in dynamic compression (at strain rates from 1157
to 1955 s™), in three directions; measured results at 233, 296, 422, 598 & 755K are
shown using green, red, blue, black and orange symbols, respectively.



Fig. 6 Different anisotropic responses in dynamic compression (at strain rates from 2225
to 2975 s™), in three directions; measured results at 233, 296, 422, 598 & 755K are
shown using green, red, blue, black and orange symbols, respectively.

Tension-Compression Asymmetry

The behavior of the alloy is significantly different in tension and compression as shown
in Fig. 7 from experiments with loading in the rolling direction. There is an appreciable
difference not only in yield stress levels but also in work hardening. These differences are
further exemplified in next Fig. where anisotropic responses in tension and compression
are shown at the room temperature at strain rates in quasi-static loading regime. The
failure strains in tension are slightly lower than in compression; the failure strains in
thickness (ND) direction in compression loading are much higher than rolling direction
(RD), while failure strains in the transverse to rolling direction (TD) are in between the
other two directions.



Fig. 7 Different responses in tension and compression loading along the rolling direction.

Fig. 8 Different anisotropic responses in tension and compression, in three directions at
296K experimental results at a strain rate of 10° 10%and 10 s™, are shown in green, red
and blue colors, respectively.



Material Responses Under Confining Pressure

In Fig. 9, the responses of the alloy under confining pressure are shown at different
confining pressures and four different strain rates in the rolling direction. These
experiments were performed with the specimens loaded in compression inside a pressure
vessel, thus the cylindrical surface of the specimens were subjected to a hydrostatic or
confining pressure. The pressure inside the pressure chamber was changed to get
different confining pressures. The stress-strain curves appear to shift by the amount of
confining pressure. These measured responses are re-plotted in terms of von Mises
equivalent stress and strain in next Fig., there is almost negligible effect of the hydrostatic
pressure at these low hydrostatic pressures; however the failure strains increase with
increase in hydrostatic pressure (not shown in these Figs.). Similar measured responses in
TD and ND directions are shown in Figs. 11 and 13, respectively in terms of stress and
strain; Figs. 12 and 13 contain the same measured responses in terms of von Mises
equivalent stress and strain.

Fig. 9 Measured responses in compression along rolling direction (RD), under different
confining pressures ranging from 0 to 124 MPa.



Fig. 10 Responses in compression along rolling direction (RD), under different confining
pressures ranging from 0 to 124 MPa, in terms of equivalent stresses and strains.

Fig. 11 Measured responses in compression along transverse to rolling direction (TD),
under different confining pressures ranging from 0 to 124 MPa.



Fig. 12 Responses in compression along transverse to rolling direction (TD), under
different confining pressures from 0 to 124 MPa, in terms of eq. stresses and strains.

Fig. 13 Measured responses in compression along normal to rolling plane (ND), or
through thickness direction, under different confining pressures from 0 to 124 MPa.



Fig. 14 Responses in compression along normal to rolling plane (ND), or through
thickness direction, under different confining pressures ranging from 0 to 124 MPa, in
terms of equivalent stresses and strains.

Constitutive Modeling
The material constants for both, the modified KHL and JC models were determined.

Using these material constants, correlations were obtained and compared to experimental
results. The modified KHL model is as follows:

o=| A+B[1-1N¢ £, (ij il (1)
InDy £ T, — T

where, o is the true (Cauchy) stress and &* is the true plastic strain. T, T, T,

ref

are

melting, current, and reference temperatures, respectively. D} =10° s (arbitrarily chosen

upper bound strain rate) and &"=1 s™(reference strain rate, at a reference temperature of
Trer, usually room temperature, at which material constants A, B and ng are determined).
& is the current strain rate. n,,C and m are additional material constants. For Ti-6Al-4V
alloys, the melting temperature was taken to be 1933 K (ASM handbook, 1994). The
reference temperature was the constant room temperature for experiments at 296K.

The JC model which has been used previously is given as follows:

a:[A+ B(gp)”(’l/“c|n§j[1-(TT __TT] } 2)




The KHL model has two distinct advantages over the JC model. These are the addition of
another material constant,n;, which is able to simulate the decreasing work hardening

behavior of certain materials with increase in strain rate. The second advantage is the
modified temperature term which enables to simulate the material behavior below the
reference temperature Ty In the JC model the temperature term cannot accommodate the
case when the current temperature is lower than the reference temperature as then the
above term within parenthesis becomes a negative number raised to the power m. The
model material constants are determined through systematic procedure and further
refined using least square optimization technique. An illustrative example of the
modeling using JC and KHL is shown in Fig. 15 for one of the alloys studied during the
current investigation. The figure clearly shows the capability of the KHL model against
the JC model in predicting the material behavior under different loading conditions. The
material constants determined from uniaxial experiments are given in Table 2.

A B n, Ny C M
(MPa) (MPa)
Ti-6Al-4V Alloy 1 1100 857.5 0.5455 0.6086 0.02204 1.6236
Ti-6Al-4V Alloy 2 988 747.1 0.5455 0.3986 0.02204 1.2214
Ti-6Al-4V Alloy 3 1069 874.8 0.5455 0.4987 0.02204 1.3916

Table 2. KHL model material constants determined for the three Ti-6Al-4V Alloys used in the investigation
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Fig. 15 Comparisons between KHL model and JC model correlations for alloy 3 studied
in the investigation at room temperature and different strain rates.

To determine the temperature dependence in the KHL and JC models, experiments were
performed on a titanium alloy at different temperatures. The temperatures chosen for
these experiments were both above and below the reference temperature which in this
case was room temperature, but below 0.4T,,. The experimental observations along with
the model correlations are shown in Fig 16. Note the absence of any JC correlation for
the experiment performed below the reference temperature of 233K; the KHL model is
able to correlate the material response for that experiment also quite well. Overall, the
KHL model was able to simulate the material behavior at these temperatures reasonably
well whereas JC was unable to simulate for certain temperatures; also the correlations
obtained through JC model were also not as good as the ones obtained by using KHL.
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Fig. 16 KHL and JC model correlations for experiments performed at different
temperatures for alloy 3 at the strain rate of 10-3 s-1. Note the absence of correlation at
233Kwith JC model in which the temperature term (T-Te)/(Tm-Trer) becomes negative.

From this investigation it is found that Ti-6Al-4V is non-linearly dependent on strain
rate, as well as temperature. The KHL model is found to correlate better than JC model
especially during dynamic deformation regime. The thermal softening at high strain rates,
together with reduction in the work hardening rate with increase in strain rate and strain,
is captured much better by the KHL model than the JC model. The temperature term of
the modified KHL viscoplastic constitutive model is able to correlate well with the
response at a temperature (233 K) which is lower than the reference temperature (296 K);
the JC model is not valid in this case.
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